Studies were undertaken to investigate the effect of feed ing a silicon (Si
Silicon (Si), one of the most recent trace
More recently (4), a requirement for Si elements to be established as essential for has been established in articular cartilage higher animals, has been reported to be and connective tissue formation where involved in an early stage of bone formaskeletal and other abnormalities involving tion as a result of earlier in vitro ( 1 ) 3 and glycosaminoglycans in formation of cartiin vivo * studies in this laboratory.
lÃ¤ge matrix and connective tissue were In subsequent studies (2) it was demonfound to be associated with Si deficiency, strated that Si is essential for growth and
The animal studies reported above were skeletal development in the chick. Significarried out with crystalline amino acid cantly retarded skeletal development was evidenced by reduced circumference, thinReceivedfor publication 3 July 1979.
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addition, the skulls were smaller and ao2Preiiented ln part at the 6ist diets which often resulted in less than opti mal growth in the control animals. It seemed worthwhile, therefore, to investi gate the possibility of developing a Sideficient diet containing a natural protein which would promote optimal growth in the control animals, avoid some of the dis advantages of using a crystalline amino acid diet and make use of a diet more applicable to everyday nutrition.
It is now possible to report that skull ( and other bone ) abnormalities have been produced in Si-deficient chicks under con ditions promoting near optimal growth using a semi-synthetic diet containing a natural protein in place of the crystalline amino acid diets used in earlier studies (2, 4) . The findings demonstrate that Si plays a physiological role in chicks growing at a near maximal rate and are strong con firmatory evidence of Si's essentiality for bone formation.
MATERIALS AND METHODS
The experimental conditions were similar to those used in previous animal studies to demonstrate the essentiality of Si for growth and development (2, 4) . Trace element contamination was kept to a mini mum by the use of low Si plastics and a specially constructed environmental cham ber. However, the former crystalline amino acid based diet was replaced by a semipurified diet ( table 1 ) using an intact pro tein, purified casein ( Nutritional Biochemicals Corp., Cleveland, OH) as the protein source.
This basal diet also contained an alter nate vitamin and mineral mixture. The salt mixture used in previous studies, modified after Fox and Briggs salts N for chicks (5) , was replaced by another well-known salt mix (8) with the addition of the trace elements fluoride, vanadium, arsenic and tin. The major difference between these two mixtures was in the calcium phosphate salt, the former using CaHPO4 and the latter Ca3(PO4)2. The alternate vitamin mix modified after Klain et al. ( 7 ) was also more optimal in meeting the chick's re quirements.
The ingredients of the low Si basal diet, other than those noted in table 1, were ob- 4 .0 g/kg of diet, be cause 1.5 g Na/kg diet supplied by residual Na left in casein as a result of the purification procedure. NaHCO3 was used to maintain a constant sodium level in all diets.
*The Solka-Floc was purified by soaking with slight agitation for 12 hours in deionized water made to pH 11.0 with NH4OH. The fibrous mass was collected on a buchner funnel and washed repeatedly with deionized water until free of all traces of NH(OH. The procedure was repeated if necessary until silicon content was less than 1 ppm. 4Composition : (mg/kg of diet) : thiamine â€¢ HC1, 100 ; niacin, 100; riboflavin, 16; calcium pantothenate, 20; vitamin B-12, 0.02; pyridoxine. HC1, 6; biotin, 0.6; folie acid, 4; inositol, 100; p-aminobenzoic acid, 2; menadione, 5; ascorbic acid, 250; cholecalciferol, 600 icu.; retinyl acetate, 10,000 nr.
*Alphatocopherol 20 mg/kg diet.
6Wesson oil obtained from Hunt Food Co., Fullerton, CA. tained in as pure a form as possible by purchasing samples from several sources and using the sample showing the lowest Si content. Casein and Solka-Floc (a fiber, BW-40, Brown Co., Berlin, NH) received special treatment to further reduce their Si content. Si was removed from casein by the following procedure: casein was dis solved in dilute NaOH, reprecipitated with HC1, washed free of salts with tap water followed by distilled water and deionized water and dried under clean air conditions. All newly obtained ingredients were ana lyzed for Si, since appreciable variations in Si content were found in many ingredients, even from the same supplier. The basal 300- diet contained 1 ppm Si. In the supple mented diet, silicon was supplied as sodium metasilicate, Na2SiO3â€¢ 9H2O, at a level of 250 ppm.
ZOO-
One-day-old White Leghorn cockerels were maintained under conditions to mini mize Si contamination. Each experiment consisted of two groups of 12 chicks. One group was fed the basal diet and the other group the basal diet plus Si supplement. Deionized water and the diets were sup plied ad libitum. Growth rates and the appearance of the animals were evaluated at 3 to 4 day intervals. At the end of 4 weeks the animals were weighed and ex sanguinated by cardiac puncture with a heparinized needle and syringe. The chicks were then subjected to macropathological examination and certain skeletal structures and soft tissues were dissected out and collected.
Si, calcium, phosphorus and magnesium levels were determined on the plasma by emission spectrography (8) .
A skull from each chick was cleaned of soft tissue and divided carefully along the mid-sagittal suture into two longitudinal halves. The left half of the skull was im mediately X-rayed and some bones were photographed. The left frontal bone was dissected out, the periosteum from the ventral surface being collected and weighed and dried at 105Â°to constant weight. Ash content was determined by heating to constant weight at 450Â°.
For further analyses the right frontal bone was removed from the right half of the skull leaving the periosteum intact. It was then weighed, lyophilized and sub jected to acid hydrolysis. The bone was placed in a closed tube under nitrogen with 4 N HC1 and heated for 8 hours at 100Â°. This procedure completely solubilizes the bone and gives maximal release of hexosamine. From this, aliquots were taken for the determination of hexosamine (9) and calcium ( 10) . The polysaccharide content was then estimated by multiplying hexosa mine by 2.56, hydroxyapatite by multiply ing calcium by 2.73. Another aliquot taken for the determination of collagen and noncollagenous protein was subjected to fur ther hydrolysis with 6 N HC1 at 105Â°for 20 hours in a tube sealed in vacuo for re lease of amino acids. The hydroxyproline content (11) was then measured and col lagen determined by multiplying by 7.46. The non-collagenous protein was estimated as leucine after determining the total alphaamino nitrogen content utilizing a ninhydrin procedure (12) and correcting for collagen and hexosamine content. These procedures provide maximal release of constituents and recoveries in the 90 to range. Statistical analysis was based on Stu dent's i-test (13) .
RESULTS
The present modifications in diet and experimental conditions have made it pos- ' Significantly different from the supplesible to produce near optimal growth in chicks fed a Si-supplemented basal diet, resulting in chicks at the end of 4 weeks weighing up to 310 g. The chicks on the Si-supplemented diet were especially lively and healthy in appearance. At the end of 4 weeks, there were no significant differ ences in growth between the deficient and control animals ( fig. 1) .
Analyses of blood plasma from Si-defi cient and Si-supplemented chicks for Si, calcium, total phosphorus, magnesium and several other elements not listed in table 2 showed significant differences only in Si content, with the plasma Si levels of the deficient chicks being 15 times lower. Ap parently, the lower Si diet had a demon strable effect on lowering the plasma Si level.
There were no significant differences in outward appearance between the deficient and control animals. However, on macropathologic examination gross changes were evident in the architecture of the skull, the skull of the deficient chicks giving the overall appearance of being narrower and shorter. The frontal area was narrower and the dorsal median line at the frontal parietal junction was noticeably depressed with a narrowing both posterior and later ally forming a stunted parietal, occipital and temporal bone area as shown in figure  2 . X-ray examination ( fig. 3 ) confirmed these skull structural abnormalities which occurred primarily in the posterior portion of the skull, that is in the parietal, occipital and temporal bone areas where X-ray ex amination ( fig. 4 ) also showed reduced calcification with less trabeculae compared with the skulls of the control chicks. Histological examination ( fig. 5) showed a strik ing difference in the skull matrix between the Si-deficient and Si-supplemented chicks; the bone matrix of the deficient chicks totally lacked the normal striated trabecu- Fig. 2 Photograph of skull half (ventral sur face) from a 4-week-old chick fed a Si-supple mented diet (lower) and low Si basal diet (upper). Upper edge of skull is center line of skull along which longitudinal cut was made. Narrow end of frontal bone on the left and pos terior end of the skull on the right. Note the narrower and shorter frontal lobe area with less apparent trabeculae and the reduced size of the posterior portion of the skull which includes the parietal, occipital and temporal bone areas. lar pattern of the control chicks. The de ficient chicks showed a nodular pattern of bone arrangement which is indicative of a more primitive type of bone formation. There also appeared to be less periosteal tissue with a reduced amount of collagen on the ventral surfaces of the deficient skulls. Experiments to determine the com position of skull periosteal tissue confirmed these observations and showed a signifi cantly reduced quantity of periosteal tis sue on the ventral surfaces of the deficient skulls (table3).
Biochemical analyses of frontal bones from Si-deficient and Si-supplemented chicks for bone mineral, non-collagenous protein, hexosamine and collagen demon strated significant differences in collagen content ( fig. 6 ). The frontal bones from the Si-deficient chicks exhibited a signifi cantly reduced collagen content. There were no significant differences in hexosamines, non-collagenous protein and degree of mineralization.
Other observations similar to those re ported previously (4) from this laboratory using amino acid diets were made in the present study; for example, on macropathologic examination the joints of the long bones appeared smaller in the chicks fed the low Si diet. These observations will be the subject of a separate paper.
In this study the major effect of Si ap pears to be on the collagen content of the connective tissue matrix; a deficiency of Si causes a decrease in collagen formation re sulting in skull abnormalities. This effect of Si on collagen formation is supported by in vitro studies 5 in this laboratory. Any effect of Si on bone mineralization is prob ably secondary to its effect on collagen formation, that is in making the matrix more calcifiable. These findings add to the 
DISCUSSION
Silicon deficiency in chicks has been pro duced under entirely new conditions, in cluding (1) a different environmental chamber, (2) a low Si basal diet using an intact protein in place of a crystalline amino acid mixture and a new mineral and vitamin mix, (3) chicks not deutectomized as in previous studies and (4) chicks on a control diet growing at an optimal or near optimal rate. It can therefore be assumed that in terms of appearance and growth a highly satisfactory diet has been attained.
Present findings demonstrate that Si plays a physiological role in chicks' grow ing at a near optimal rate. Under these new conditions Si deprivation causes: (1) skull abnormalities associated with a sig nificant decrease in bone collagen content; (2) well formed joints; (3) a significant reduc tion in the blood plasma Si level, and (4) strong indications of other bone and con nective tissue abnormalities, the investiga tion of which is in progress.
The production of skull abnormalities as sociated with a significant decrease in col lagen content is a new and important find ing. As already mentioned, in vitro studies ( tissue culture ) on bone formation3 in this laboratory corroborate these findings. Skull abnormalities have been noted pre viously, however. For example, in an earlier study in which a more severe Si deficiency was produced, the observation was re ported (2) that the skulls were smaller and flatter being somewhat "serpent-like" in appearance and the skull abnormality strongly suggested a defect in matrix pro duction. However, the skulls were not sub jected to further detailed investigation.
In the present experiment, Si did not significantly affect growth whereas in the recent reported study (4) in which a re quirement for Si in articular cartilage for mation was established, Si exerted a rela tively small but significant effect on growth.
In this study a more severe Si deficiency seemed apparent because although the same changes took place in the long bones as in the present study, they were more pronounced. This probably also accounts for the smaller differences found in the cockerel combs in the present study. In an earlier study (2) in which Si exerted a marked effect on growth, a more severe Si deficiency was apparently produced; how ever, the control chicks did not reach opti mal growth. In all previously reported studies the chicks had been deutectomized to deplete any yolk stores of Si. In addi tion, other changes have been made includ ing the source of water and a new envi ronmental chamber. However, deprivation of dietary Si has resulted in consistent de ficiency signs in all of these studies, in cluding effects on skull architecture, long bones and other connective tissues. All studies so far conducted in this laboratory emphasize the essentiality of Si in con nective tissue formation or in other words "a physiological role for silicon in connec tive tissue formation." ACKNOWLEDGMENTS I thank Mr. George Alexander for the silicon spectrographic analysis and the technical assistance of Mr. William Alpenfels is greatly appreciated.
